Antibiotic-producing Streptomyces use the diadenylate cyclase DisA to synthesize the 26 nucleotide second messenger c-di-AMP but the mechanism for terminating c-di-AMP signaling 27 and the proteins that bind the molecule to effect signal transduction are unknown. Here, we 28 identify the AtaC protein as a new type of c-di-AMP-specific phosphodiesterase that is also 29 conserved in pathogens such as Streptococcus pneumoniae and Mycobacterium tuberculosis. 30 AtaC is monomeric in solution and binds Mn2+ to specifically hydrolyze c-di-AMP to AMP via 31 the intermediate 5'-pApA. As an effector of c-di-AMP signaling, we characterize the RCK-32 domain protein CpeA as the first c-di-AMP-binding protein to be identified in Streptomyces. 33 CpeA interacts with the predicted cation / proton antiporter, CpeB, linking c-di-AMP signaling 34 to ion homeostasis in actinobacteria. Hydrolysis of c-di-AMP is critical for normal growth and 35 differentiation in Streptomyces, connecting osmotic stress to development. Thus, we present 36 the discovery of two novel components of c-di-AMP signaling in bacteria and show that precise 37 control of this second messenger is essential for osmoregulation and coordinated development 38 in Streptomyces. 39 40 41 42 43 44 RESULTS 105 106 DisA is the major c-di-AMP synthetase in S. venezuelae 107 108 DisA is the sole DAC protein encoded in the S. venezuelae genome and is conserved in all 109 sequenced Streptomyces strains. To demonstrate DisA DAC activity, we purified N-terminally 110 his-tagged DisA and DisAD86A that carries an alanine instead of aspartate in the active site. We 111 included his-tagged B. subtilis DisA (DisABsu) as a positive control for enzymatic activity (20). 112
INTRODUCTION 45
Bacteria use mono-, di-, and trinucleotides as second messengers to control fundamental 46 physiological functions in response to signal sensing (1). Among these molecules, cyclic di-3´,5´-adenosine monophosphate (c-di-AMP) is the only nucleotide messenger that must be 48 precisely balanced, since both, its depletion and overproduction can be toxic (2). Its core 49 function is to control cellular integrity by setting homeostasis of osmolytes that in many bacteria 50 are used for osmoregulation (3, 4) . Changes of external osmolarity trigger water fluxes across 51 the membrane, which can lead to cell dehydration or swelling and finally collapse or burst when 52 osmobalance mechanisms fail to respond properly (5). As a key component of these 53 mechanisms, c-di-AMP directly targets transport systems for osmoactive and osmoprotective 54 substances such as potassium ions and low-molecular-weight compatible solutes in many 55 bacteria (6-10). 56 c-di-AMP also plays a central role in host-pathogen interactions and bacterial virulence 57 (11) . Secreted c-di-AMP is recognized by host' innate immunity receptors STING, DDX41 and 58 RECON to regulate type I interferon immune response and NF-kB pathways, respectively (12-59 15). Modulation of intracellular c-di-AMP has been reported to affect virulence of 60 Streptococcus pyogenes (16), Listeria monocytogenes (17), Streptococcus pneumonia (18) and 61
Mycobacterium tuberculosis so that the molecule is considered as an attractive antimicrobial 62 target (19) . His-Asp motif, which were first identified in the PgpH protein in L. monocytogenes, also 73 degrade c-di-AMP (17). 74
However, most actinobacteria contain DisA for c-di-AMP synthesis but do not encode 75 DHH-DHHA1-domain containing or HD-type c-di-AMP PDEs. Hence, we wondered how 76 actinomycetes balance intracellular c-di-AMP. Within actinobacteria, Streptomyces are the 77 most extensively studied mycelial organisms and the richest natural source of antibiotics (23). 78
For growth and reproduction, Streptomyces undergo a complex developmental life cycle, which 79 involves the conversion between three morphologically and physiologically distinct forms of 80 cell existence. During exponential growth, they proliferate by extension and branching of 81 vegetative hyphae. The switch to stationary phase and onset of the reproductive phase is marked 82 by the erection of aerial hyphae. These filaments elongate and divide into unigenomic prespore 83 compartments that ultimately mature into chains of spores. Completion of the developmental 84 program is easily visible by eye since mature Streptomyces spores accumulate a spore pigment. 85
For example, our model species, the chloramphenicol producer S. venezuelae, is characterized 86 by a green spore pigment such that colonies turn green at the end of the life cycle (24, 25). 87 Importantly, antibiotic production and morphological differentiation are co-regulated in 88
Streptomyces. Hence, studying their developmental biology also provides a better 89 understanding of the control of their secondary metabolism. 90
In this work, we identified and characterized the PDE superfamily protein AtaC as the 91 founding member of a novel type of c-di-AMP-specific hydrolases. AtaC is broadly distributed 92 in bacteria and the only known c-di-AMP PDE in most actinomycetes. Among others, 93 pathogens such as the causative agent of pneumonia, S. pneumoniae, contain an AtaC homolog 94 that we characterize here to be a functional c-di-AMP hydrolase. Our biochemical and structural 95 analyses show that AtaC is a monomeric Mn2+-dependent PDE with high affinity for c-di-AMP. 96
Moreover, we provide direct biochemical evidence that Streptomyces DisA is an active DAC 97 and that c-di-AMP produced by DisA is crucial for survival under ionic stress conditions. 98
Further, we show that accumulation of c-di-AMP in the S. venezuelae ataC mutant results in 99 profound developmental and growth defects and report the identification of the RCK_C-domain 100 (RCK for regulator of conductance of K+) containing protein CpeA as the first c-di-AMP 101 binding protein in Streptomyces. Overall, in this study we identified and functionally 102 characterized core components of c-di-AMP signaling in Streptomyces and link c-di-AMP 103 regulation with ion homeostasis to control differentiation in multicellular bacteria. 104 we used interproscan (http://dx.doi.org/10.7717/peerj.167) to search for Pfam PF01663, which 135 is associated with putative type I phosphodiesterases/nucleotide pyrophosphatases. Among 136 others, we found two proteins (Vnz_27310 and Vnz_31010) belonging to the phosphodiesterase 137 and metallophosphatase superfamilies, respectively, that we selected for in vitro PDE activity 138 tests. 139
Purified N-terminally his-tagged Vnz_27310 and Vnz_31010 were assayed in vitro whereas the other substrates tested were only degraded to a small extent (Figures 2B and S1 D-151 F). 152
Using the PATRIC database (https://www.patricbrc.org), we examined the distribution 153 of the here discovered c-di-AMP PDE (PGF_00172869) and found at least 5374 prokaryotic 154 species containing homologs to AtaC (Table S2) The enzymatic reaction of the PhnA-class hydrolases is known to be catalyzed by two 181 metal ions in the active site (28) so we tested metal binding for AtaC by thermal unfolding 182 assays using nano differential scanning fluorimetry (nanoDSF) assay and observed protein 183 stabilization upon addition of manganese ions (Mn2+) ( Figure 3C ). Based on the structural 184 similarity to PhnA, we identified potential metal-binding residues in AtaC and generated a 185 variant, AtaCD269N, that we expected to lack Mn2+ coordination but retain nucleotide binding, 186 as shown for DHH-DHHA1-type PDEs (22, 29). NanoDSF data confirmed stability of 187 AtaCD269N with a melting temperature comparable to the wild type protein when incubated with 188 ethylenediaminetetraacetic acid (EDTA) ( Figure 3D ). Moreover, AtaCD269N behaved 189 identically to the wild type protein during purification and final SEC. In line with our 190 predictions, AtaCD269N failed to bind Mn2+ ( Figure 3E ) and did not hydrolyze c-di-AMP, as 191 shown using ion exchange chromatography (IEX) based assays ( Figure S3A ). However, 192
AtaCD269N was still capable of c-di-AMP binding, as confirmed by nanoDSF experiments that 193 showed a shift in the melting curve with increasing ligand concentration ( Figure 3F ). Using confirmed that the ∆disA mutant produced spore chains with identical morphology to those of 216 the wild type ( Figure 5B ). Thus, neither the DisA protein nor the c-di-AMP produced by DisA 217 is required for differentiation. 218
In contrast, the ataC mutant showed a severe delay in development. After 4 days, the 219 ΔataC strain developed aerial hyphae but did not turn green as the wild type ( Figure 5A ) and 220 SEM imaging showed mainly undifferentiated aerial hyphae, in contrast to the fully sporulated 221 hyphae seen in the wild type ( Figure 5B ). Moreover, many of the aerial hyphae of the ∆ataC 222 mutant had lysed. After extended incubation (7 days), the aerial hyphae of the ∆ataC mutant 223 had largely sporulated, with sporadic non-differentiated and lysed filaments still detected 224 ( Figure 5B ). 225
The lysed hyphae seen in the SEMs led us to analyze the growth the ∆ataC strain in 226 liquid MYM. As shown in Figure 5C , the ataC mutant grew slower than the wild type in 227 exponential phase but reached a similar final OD578 after 20 hours. Notably, deletion of disA 228 had no effect on growth ( Figure 5C ). 229
We could fully complement the defects of ∆ataC in development and growth by 230 introduction of the ataC wild type allele under the control of its native promoter from the 231 pIJ10170 vector (30) that integrates into the chromosomal attBΦBT1 site ( Figure 5A and S4A) . 232
In contrast, expression of the ataCD269N, which cannot cleave c-di-AMP ( Figure S3A Since regulation of osmotic balance is a major function of c-di-AMP in many bacteria 243
(3), we next investigated the osmotic stress resistance of strains with altered c-di-AMP levels 244 due to mutations in either ataC or disA. We spotted serially diluted spores on nutrient agar (NA) 245 medium plates supplemented with 0.5 M NaCl and a control plate without extra added NaCl. 246
On both plates, the growth of the ∆ataC strain was slightly impaired resulting in smaller colony 247 size compared to the wild type ( Figure 5D ), which likely reflects the growth defect of this strain 248 ( Figure 5C ). We complemented the growth phenotype of ∆ataC with the ataC wild type allele 249 expressed in trans from the integrative vector pIJ10170 from the attBΦBT1 site under the control 250 of the native promoter ( Figure 5D ). 251
In contrast, when grown on NA plates containing 0.5 M NaCl, ΔdisA and disAD86A 252 showed pronounced reduction in growth. Expression of wild type disA from pIJ10170 fully 253 complemented the growth defect of ΔdisA ( Figure 5D ). The identical ΔdisA and disAD86A 254 phenotypes demonstrate that c-di-AMP produced by DisA is crucial for osmotic stress 255 resistance in S. venezuelae ( Figure 5D ). 256
In summary, our data revealed that accumulation of c-di-AMP due to ataC inactivation, we used a bacterial two-hybrid system in which an interaction between bait and target protein 280 reconstitutes a functional adenylate cyclase (Cya), that allows a E. coli ∆cya mutant to utilize 281 maltose as a carbon source (35). The two proteins were found to form a complex ( Figure 6D (Figure 2 and Table S2 ). 294
AtaC is a soluble, single-domain phosphodiesterase superfamily protein that is 295 monomeric in solution ( Figure S2 ). In solution, AtaC is structurally similar to the alkaline 296 phosphatase superfamily domain of the C-P bond-cleaving enzyme PhnA from S. meliloti 1021 297 ( Figure 3A Figures 1B and 4A) . However, strikingly, the phenotypes of the ∆ataC and ∆disA mutants with 315 high and low c-di-AMP, respectively, are not invers. On standard growth medium, elevation of 316 intracellular c-di-AMP in ∆ataC interferes with growth and ordered hyphae-to-spores 317 transition, while reduction of the second messenger in ∆disA does not have any noticeable 318 consequences on these cell functions. On the other hand, when incubated at high external NaCl 319 concentrations, ∆disA is severely inhibited in growth, whereas ∆ataC grows similarly to the 320 wild type ( Figure 5 ). We found that the RCK_C-domain protein CpeA senses c-di-AMP signals 321 by direct binding of the ligand ( Figure 6C ). CpeA interacts with CpeB ( Figure 6 ), a structural 322 homolog of the Na+/H+ antiporter NapA from T. thermophilus and a member of the large 323 monovalent cation / proton antiporter (CPA) superfamily (34). Sodium / proton antiporters exist 324 in all living cells, where they regulate intracellular pH, sodium levels, and cell volume (37). In 325 some bacteria, Na+/H+ antiporters use the proton-motive force to extrude sodium out of the cell 326 
Bacterial strains and plasmids 344
All strains, plasmids and oligonucleotides used in this study are listed in Table S1 . Plasmids 345 and strains were constructed as described in Extended Experimental Procedures. 
Western blotting 384
For detection of 3xFLAG-tagged DisA, Western blot analysis was performed as described in 385 (32) using 5 µg total protein of S. venezuelae ∆disA expressing the FLAG-tagged disA allele 386 from the ՓBT1 integration site under the control of the native promoter. Anti-FLAG primary 387 antibody (Sigma) and the anti-mouse IgG-HRP (Thermo Fisher Scientific) were used for 388 detection. AtaC was detected in the wild type strain (10 µg total protein) using polyclonal rabbit 389 anti-AtaC antiserum as primary antibody (generated by Pineda GmbH using purified 6xHis-390 AtaC) and donkey anti-rabbit-HRP secondary antibody (GE Healthcare). ECL 391 chemiluminescent detection reagent (Perkin Elmer) was used for visualization. 392
c-di-AMP extraction and quantification 393
The nucleotide extraction protocol from (2) was adapted to Streptomyces. Wild type, ΔdisA and 394
ΔataC strains were grown in MYM. Samples for c-di-AMP extraction and for determination of 395 the protein concentration were taken every 2 h after initial growth for 10 h. c-di-AMP was 396 extracted using acetonitrile/methanol from cells disrupted using the BeadBlaster (Biozym). 397
Samples were analyzed using LC-MS/MS as described in (2). 398
Bacterial Adenylate Cyclase Two-Hybrid (BACTH) assays 399 BACTH system was used to assay protein-protein interaction of CpeA and CpeB in vivo (35). 400
Plasmids expressing C-terminal fusions of CpeA and CpeB to T18 and T25 fragments of cyaA 401 from Bordetella pertussis, respectively, were transformed into E. coli W3110 lacking cya (41). 402
Co-transformants were spotted on MacConkey agar supplemented with maltose (1%), 403 ampicillin (100 µg/ml), and kanamycin (50 µg/ml). Red colonies indicate cAMP-dependent 404 fermentation of maltose which occurs upon direct interactions of the proteins fused to the 405 otherwise separate adenylate cyclase domains. 406
Small-angle X-ray scattering 407
Size-exclusion chromatography coupled small-angle X-ray scattering data (42, 43) for AtaC 408 were collected at the EMBL Hamburg P12 beamline at PETRA3 (DESY, Hamburg). 409 CHROMIXS of the ATSAS Suite (44) was used for analysis and processing of the 410 chromatogram results. In brief, after choosing an appropriate buffer region and averaging of the 411 respective frames, the protein scattering frames from the elution peak were buffer subtracted 412 and averaged. The final protein scattering data were then analyzed using the ATSAS suite. The 413 theoretical scattering curve of the AtaC model derived from HHpred/MODELLER was 414 obtained using CRYSOL (45). Ab initio models were calculated using DAMMIF and averaged 415 using DAMAVER as described earlier (29). 
